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Abstract
Background: tRNA m
1A58 methyltransferases (TrmI) catalyze the transfer of a methyl group from S-adenosyl-L-
methionine to nitrogen 1 of adenine 58 in the T-loop of tRNAs from all three domains of life. The m
1A58
modification has been shown to be essential for cell growth in yeast and for adaptation to high temperatures in
thermophilic organisms. These enzymes were shown to be active as tetramers. The crystal structures of five TrmIs
from hyperthermophilic archaea and thermophilic or mesophilic bacteria have previously been determined, the
optimal growth temperature of these organisms ranging from 37°C to 100°C. All TrmIs are assembled as tetramers
formed by dimers of tightly assembled dimers.
Results: In this study, we present a comparative structural analysis of these TrmIs, which highlights factors that
allow them to function over a large range of temperature. The monomers of the five enzymes are structurally
highly similar, but the inter-monomer contacts differ strongly. Our analysis shows that bacterial enzymes from
thermophilic organisms display additional intermolecular ionic interactions across the dimer interfaces, whereas
hyperthermophilic enzymes present additional hydrophobic contacts. Moreover, as an alternative to two bidentate
ionic interactions that stabilize the tetrameric interface in all other TrmI proteins, the tetramer of the archaeal
P. abyssi enzyme is strengthened by four intersubunit disulfide bridges.
Conclusions: The availability of crystal structures of TrmIs from mesophilic, thermophilic or hyperthermophilic
organisms allows a detailed analysis of the architecture of this protein family. Our structural comparisons provide
insight into the different molecular strategies used to achieve the tetrameric organization in order to maintain the
enzyme activity under extreme conditions.
Background
Extremophiles are microorganisms that are found in envir-
onments of extreme temperature (-2°C to 15°C, 60-110°C),
i o n i cs t r e n g t h( 2 - 5MN a C l )o rp H( <4 ,>9 ) .T h e ya r e
source of enzymes with extreme stability (extremozymes).
Understanding the origin of this stability at a molecular
level is very attractive as extremozymes are stable and
active under conditions previously thought to be incompa-
tible with biological materials. Only represented by bacter-
ial and archaeal species, hyperthermophiles grow
optimally at temperatures above 80°C [1]. Some enzymes
from hyperthermophiles are active at temperatures as high
as 110°C and even above [2]. To clarify, the term thermo-
stability refers to the preservation of the unique chemical
and three-dimensional structure of a polypeptide chain
under extreme temperature conditions.
The comparison of mesophilic and thermostable homo-
logous proteins has revealed some important factors that
contribute to the remarkable stability of thermoenzymes.
Previously reported studies aiming at establishing the ori-
gin of thermostability have compared the sequence and/or
the structure of homologous proteins from thermophiles
and mesophiles. Concerning the primary sequence, differ-
ent characteristics have been identified as contributors to
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position between mesophilic and thermophilic proteins
have been described. Charged and hydrophobic residues
are often over-represented in thermophilic proteins [3-5].
A higher Proline content, related with higher rigidity of
the backbone has also been reported [6,7]. Long and flex-
ible loops tend to be absent in thermostable proteins and
are often replaced by short and rigid ones [8-10]. Different
structural features have also been shown to contribute to
protein thermostability, such as an increased number of
hydrogen bonds, more ionic interactions, greater hydro-
phobic interactions, a more compact and rigid packing,
and the presence of disulfide bridges [11-14]. Importantly,
these studies revealed that there is no single universal
mechanism that promotes stability, and the molecular
mechanisms behind thermostability can vary from one
protein to the other [1,11,12].
Numerous chemical modifications occur after tran-
scription during the tRNA maturation process [15].
tRNA modification enzymes from extremophiles have
not been so far the subjects of detailed structural analysis
aiming at understanding the molecular basis of their sta-
bility. Actually, only thirteen post-transcriptional tRNA
base modifications are conserved among the three
domains of life, and twenty of them are common to bac-
teria and archaea [16]. Here, we compare the available
crystal structures of TrmI methyltransferases (MTases)
that methylate the N1 atom of adenine at position 58 in
the T-loop of tRNA. m
1A58 is one of the modifications
present in the three domains of life although it is not fre-
quently found in bacteria. It has been proposed that the
presence of this positively charged modified nucleotide,
which is located on the outer edge of the molecular
tRNA structure, is important for the tRNA tertiary struc-
ture and/or for recognition by its partner proteins. In the
yeast Saccharomyces cerevisiae,m
1A58 is essential for
cell growth under normal conditions, as shown by the
non-viability of mutants defective in N1-methylation of
A58 in initiator tRNA [17,18], whereas in the bacterium
Thermus thermophilus, the TrmI enzyme is required for
cell growth at high temperatures [19].
Although S-Adenosyl-L-Methionine (SAM) MTases dis-
playing a Rossmann-like fold are mostly monomeric [20],
the TrmI proteins share a conserved tetrameric quaternary
structure both in solution [19,21-24] and in the crystals
[25-27]. This architecture is unique among the tRNA
modification enzymes characterized up to now. In bacteria
and archaea, the enzyme consists of a tetramer formed by
identical subunits of about 30 kDa. In contrast, the yeast
[24] and human tRNA m
1A58 MTases [23] are hetero-tet-
rameric enzymes composed of two different subunits
encoded by the TRM6 and TRM61 genes. It has been pro-
posed that both subunits of eukaryotic tRNA m
1A58
MTases evolved from a common ancestor through gene
duplication and divergent evolution [28]. Amino acid
substitutions in either subunit prevent the yeast enzyme
from binding to tRNA
Met
i, indicating that each subunit
contributes to tRNA recognition [24]. In the case of the
homo-tetrameric T. thermophilus TrmI, noncovalent mass
spectrometry analysis showed that the enzyme binds to its
tRNA substrate as a tetramer and is able to bind up to two
tRNAs per tetramer [26]. This suggests that the structu-
rally identical subunits have non-equivalent roles within
the tetrameric structure, which is reminiscent of the case
of homo-tetrameric archaeal tRNA splicing enzymes [29]
and O-phosphoseryl-tRNA:selenocysteinyl-tRNA synthase
[30]. This would provide an explanation for the existence
of both homo- and heterotetramers of TrmI proteins
depending on the organism.
In the present report, we have performed comparative
studies of the available crystal structures of TrmI proteins
to highlight their common properties and shed light on
the different structural factors that might explain the stabi-
lity of TrmI enzymes from extremophiles. We have first
compared the TrmI monomers and examined the different
mechanisms that can contribute to the thermal stability of
the subunit structure. Secondly, since the subunits of ther-
mostable oligomeric enzymesa r eg e n e r a l l ym o r et i g h t l y
assembled than in less stable homologous species [31,32],
we have analyzed and compared the inter-subunit contacts
in the various crystal structures. Interestingly, our study
revealed that different strategies at the level of the inter-
subunit contacts have been developed to stabilize the
TrmI proteins from thermophilic and hyperthermophilic
organisms. The key to achieve TrmI activity under
extreme conditions of life appears to lie in the preservation
of the tetrameric organization.
Results and discussion
Structural comparison of TrmI proteins
The archaeal and bacterial m
1A58 MTases have similar
size and architecture
The crystal structures of three bacterial and one archaeal
T r m I sh a v ep r e v i o u s l yb e e nr e p o r t e d( T a b l e1 ) :f r o m
Mycobacterium tuberculosis, a mesophilic bacterium
(MtTrmI, initially called Rv2118c) [22,25], Thermus ther-
mophilus, a thermophilic bacterium (TtTrmI)[26], Aquifex
aeolicus (PDB code 2YVL, AaTrmI), a hyperthermophilic
bacterium and Pyroccocus abyssi, a hyperthermophilic
archaeon (PaTrmI) that lives in an environment of extreme
pressure [27]. Moreover, a search in the Dali database
reveals that the PDB code 1O54, a putative SAM-depen-
dent O-MTase from the thermophilic bacterium Thermo-
toga maritima, is inaccurately annotated and corresponds
to the m
1A58 MTase (TmTrmI). Finally, the PDB code
2B25, annotated as a human putative 1-methyladenosine
MTase, corresponds to the product of the TRM61 gene
(HsTrmI-61), the SAM-binding subunit that composes the
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1A58 MTase in eukaryotes and shows
extensive sequence similarity to the bacterial and archaeal
enzymes [23]. These organisms, with structurally charac-
terized TrmI proteins, display very different optimal
growth temperatures (Table 1). These TrmI proteins show
sequence identity ranging from 24.8% to 40.8%, the bacter-
ial proteins from M. tuberculosis and T. thermophilus
being the most similar and the two hyperthermophilic
proteins (P. abyssi and A. aeolicus) the most dissimilar
(Additional File 1, Table S1). Except otherwise stated, the
residue numbering for T. maritima is used throughout the
text.
The TrmI proteins show a tetrameric organization in the
crystals as it was shown in solution [19,21-24]. The crys-
tallographic asymmetric unit consists of one, two or four
subunits of the protein (Figure 1, Table 1) and the tetra-
mer is assembled from the monomers using either the
crystallographic or non-crystallographic symmetry. The
four subunits of the homo-tetrameric TrmI proteins are
related by a four-fold symmetry. Two opposite sides of the
tetramer show positively charged grooves, wide enough to
accommodate an A-form RNA helix [26], that likely bind
the tRNA substrate (Figure 1A). Interestingly, the electro-
static surfaces are not similar in all TrmI proteins, TmTrmI
showing a less positive surface than the four other proteins
and MtTrmI and PaTrmI having the most positive surface
(Figure 1A). Based on the characteristics of the different
monomer-monomer interfaces, the tetramer can be
described as a dimer of two tightly assembled dimers (A/B
and C/D), which interact back to back as shown in Figure
1B. The two protruding antiparallel b-strands at the C-ter-
minus of each monomer contribute significantly to the tet-
rameric assembly (Figure 1C).
MtTrmI, TmTrmI and PaTrmI (space group I222) con-
tain one TrmI monomer in the asymmetric unit and the
tetramer is generated using the crystallographic symme-
try. In AaTrmI and in the two crystal forms of PaTrmI in
complex with SAH, the crystallographic asymmetric unit
contains a full tetramer and there are similar relation-
ships between the monomers except that all axes are
non-crystallographic. The four monomers display an
rmsd between equivalent Ca a t o m so fl e s st h a n0 . 2 7Å ,
0.66 Å and 0.05 Å for AaTrmI, PaTrmI (space group
P212121)a n dPaTrmI (space group P31), respectively. In
TtTrmI and HsTrmI, the asymmetric unit contains the
tight A/B dimer and the A/D dimer, respectively, in
which the two monomers are related by the non-crystal-
l o g r a p h i c2 - f o l da x i s .T h et w om o n o m e r sa r ea l m o s t
identical with an rmsd between equivalent Ca atoms of
1.04 Å and 0.36 Å for TtTrmI and HsTrmI, respectively.
The full tetramer of TtTrmI is generated by proper crys-
tallographic 2-fold symmetry. Although a homo-tetra-
mer of HsTrmI-61 can also be formed using the 2-fold
crystallographic symmetry, it is not biologically relevant
because HsTrmI, in contrast to bacterial and archeal
TrmIs, is a hetero-tetramer. The fact that the asym-
metric unit of the HsTrmI-61 crystal consists of the A/D
dimer is consistent with the modeling of the full yeast
TrmI structure [24], and strongly suggests that in eukar-
yotic TrmIs, the A/B and A/C dimers are formed by
two different subunits (TrmI-6 and TrmI-61). Therefore,
in eukaryotes, the dimeric and tetrameric contacts are
formed only between different subunits. The dimers and
tetramers of all TrmIs are very similar, and the tetra-
mers of all structures can be superimposed with rmsd of
1.65-3.2 Å (Additional File 1,T a b l eS 2 A ) .T h e r e f o r e ,
there is no rigid body rearrangement of the monomers
between the TrmI proteins, which, in some cases [33],
was shown to be a factor contributing to thermal
stability.
Table 1 Crystal structures of TrmI proteins available in the PDB.
Name Species (domain
of life)
Optimal growth
temperature
a (°C)
PDB
code
Resolution
(Å)
Space
group
ligand Number of monomers in the
asymmetric unit
b
HsTrmI-
61
H. sapiens (E)3 7 ( M) 2B25 2.5 C2221 SAM 2
MtTrmI M. tuberculosis (B)3 7 ( M) 1I9G 1.98 I222 SAM 1
TtTrmI T. thermophilus (B)7 0 ( T) 2PWY 1.7 C2221 SAH 2
TmTrmI T. maritima (B) 77-80 (T/HT) 1O54 1.65 I222 - 1
AaTrmI A. aeolicus (B) 85-96 (HT) 2YVL 2.2 P212121 SAM 4
PaTrmI P. abyssi (A) 100-103 (HT, Ba) 3LHD
3LGA
3MB5
2.6
2.05
1.6
P212121
P31
I222
SAH
SAH
SAM
4
4
1
a When different optimal growth temperatures have been reported, a range of temperature is given.
b The biological assembly predicted by PISA is a tetramer in all cases.
A: Archaea, B: Bacteria, E: Eukarya
Ba: Barophile, M: Mesophile, T: Thermophile, HT: Hyperthermophile
SAM: S-adenosyl-L-methionine
SAH: S-adenosyl-L-homocysteine
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Figure 1 Structural comparison of TrmIs. A The electrostatic surfaces of each TrmI protein were determined using PYMOL/APBS and are
colored by the electrostatic potential. The values of surface potential range from -72 kT/e (red) to +72 kT/e (blue). a MtTrmI b TtTrmI c TmTrmI d
AaTrmI e PaTrmI. B Stereoview of the tetrameric architecture of AaTrmI with the SAM ligand in red sticks. The structure is shown with a 45 degree
rotation around the vertical symmetry axis compared to Figure 1A. C Closer view showing the tetrameric interface in two orthogonal
orientations. The main secondary structure elements are labeled. D Stereo view of the superimposition of the monomer from the six TrmI
structures. The Cas of residues 85 to 263 corresponding to the C-terminal domain (TmTrmI numbering) are superposed. PaTrmI (PDB code 3MB5),
AaTrmI, HsTrmI, MtTrmI, TmTrmI and TtTrmI are drawn in green, cyan, yellow, pink, orange and purple, respectively, and SAM in red sticks. The N-
and C-termini are indicated by the letters N and C, respectively. E View of one monomer of PaTrmI (PDB code 3MB5) labeled with the secondary
structure elements and with the polypeptide chain colored according to the B-factors (low B-factor in blue, high B-factor in red).
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mobility of the N-terminal domain relative to the C-terminal
catalytic domain
The monomer structures of TrmI proteins with known
three-dimensional structure are closely similar, with rmsd
between 1.34 and 2.70 Å and Q-scores between 0.41 and
0.59 (Additional File 1, Table S2B; Figure 1(D)). One
monomer is formed by two domains: a catalytic C-term-
inal domain that binds the SAM/SAH cofactor with a
Rossmann-like fold characteristic of SAM-dependent
MTases, and a smaller N-terminal domain with a b-struc-
ture. A structure-based multiple sequence alignment and
secondary structure assignment for the TrmI monomers
are shown in Figure 2. The N-terminal domain (residues
1-67) contains one helix (a1) and six b-strands (bAt obF).
The C-terminal domain (residues 68-263) contains seven
a-helices and eight b-strands, of which strands b6, bGa n d
bH form an antiparallel b-sheet involved in the tetramer
formation. Compared to the other enzymes, HsTrmI-61
has a 10-residue insertion in the turn between aB and b3.
The similarity of the structures extends even higher when
only the catalytic domains are superposed (Figure 1(D)),
revealing a slightly different relative orientation of the N-
terminal and catalytic domains in the TrmIs studied.
Moreover, comparison of the four monomers in the struc-
ture of PaTrmI in the P212121 space group, in which SAH
adopts two different conformations [27], reveals also
mobility of the N-terminal domains relative to the tetra-
mer core formed by four catalytic domains. Indeed, the
four monomers in the asymmetric unit display a pair-wise
rmsd of less than 0.66 Å comparing 253 pairs of Ca
atoms, whereas the superposition of the catalytic domains
alone gives an rmsd of less than 0.36 Å. The higher B-
factors of the N-terminal domain also indicate its mobility
relative to the tetramer core (Figure 1 (E)). It is possible
that the mobility of the N-terminal domain may be critical
to the activity of the enzyme and that a hinged movement
may occur upon tRNA binding, as observed for other
RNA modifying enzymes [34]. However, although the
crystallographic contacts of PaTrmI in the three different
space groups are different (Figure 3), the relative orienta-
tion of the catalytic and N-terminal domains remains
unchanged, which suggests the existence of a preferred
conformation of the protein in the absence of tRNA.
Factors responsible for the stability of TrmI proteins
under extreme conditions
Structural comparison of homologous enzymes from
thermophiles and mesophiles suggests that thermostabil-
ity originates from several factors [11]. More ion pairs
and hydrogen-bonding interactions, reduced exposure of
hydrophobic surface, tighter hydrophobic packing of the
protein core, reduction in the number and volume of
cavities, as well as improved inter-subunit contacts
within oligomeric proteins contribute to increasing ther-
mostability [8,31,32,35-39]. These various factors were
examined in the case of the TrmI proteins.
Sequence comparison
Usually, proteins from thermophiles contain more charged
and hydrophobic amino acids residues at the expense of
polar ones [1,40]. Additionally, analysis of mesophilic and
thermophilic proteins has previously pointed out the ten-
dency towards shorter (even absent) loop regions in ther-
mophilic organisms, which correlates with their
compactness [8,41]. The number of alanine residues and
aromatic amino acids is not higher in thermostable TrmIs
compared to the less-stable ones (Additional File 1, Table
S3). A higher number of prolines increases the backbone
rigidity and has been shown to contribute in some cases to
protein thermostability [42]. Here, the content of proline
residues (between 3.6 and 6.3%; Additional File 1, Table
S3) did not reveal outstanding differences between the var-
ious TrmI proteins, indicating that reduction of the back-
bone flexibility is not a factor contributing importantly to
the thermostability of TrmI proteins. Noticeably, AaTrmI
displays some loop shortenings (Figure 2) and the smallest
surface area among the structurally characterized TrmIs
(Table 2), two features that could contribute to the ther-
mal stability of AaTrmI.
H-bonds and salt bridges within one TrmI monomer
Increased ion-pairing and hydrogen bonding interactions
are factors employed by thermophiles to stabilize their pro-
teins at extreme temperatures. The participation of these
interactions in the stability of the monomer was analyzed
(Additional File 1, Table S4). The two hyperthermophilic
TrmI proteins have the highest number of intra-monomer
salt bridges (18 and 20). However, these interactions are
not more numerous in the case of the thermophilic TrmI
proteins compared to the mesophilic ones. Surprisingly,
there are only 6 intra-monomer salt bridges in TtTrmI
compared to 11 to 20 in the other TrmI proteins. The
number of H-bonds per monomer (203 to 231) is similar
in all TrmI proteins.
Compactness
Although oligomerization has been identified as one of the
ways to achieve thermostability of proteins in thermophilic
organisms [43], both mesophilic and thermophilic TrmI
proteins are organized as tetramers. This quaternary struc-
ture therefore does not result from adaptation to high
temperatures but is important for binding the tRNA sub-
strates and for catalytic activity [19,21-24,26].
Although the fine interactions between monomers can
o b v i o u s l yb em o d u l a t e db yt h ef l e x i b i l i t yo fr e s i d u e s
located at the structures interfaces, the analysis of the crys-
tallographic coordinates is likely to unveil several features
of the quaternary structure characteristic of the thermo-
zymes. To investigate whether TrmI extremozymes are
more tightly packed than their mesophilic homologs, the
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BE BF A A2
B1 B2 AB AA
B3 B4
AD
AC
B5 B6 AE
BG BH B
*
*
10 20 30 40 50
H. sapiens       6 r p F q a g E ˜ lIL A e ˜ t -t-kfkklfrLnn- fg lL n-----V p-f - gkI
M. tuberculosis       4 t g pFsig e ˜ rVq ˜ LtD ˜ ak-g r ˜ r ˜ ytM ˜ s Ltp g a e ˜ fh ˜ T hr ˜ --g s ˜ I - a h ˜ d aV
T. thermophilus       5 g - P lLLkD ˜ rk-g r ay ˜Lvfpkeg g vfh ˜ H ˜ hk--g s ˜ V - p h e aL
T. maritima       1 v g k vadt Lk ˜ p g d ˜ r ˜ VLLs ˜ F e d ˜ - e s ˜ e ˜ fLvdLek-d ˜ k klht h ˜ -lg iId L - n ˜ eV
A. aeolicus       2 n s Fke g e ˜ - y ˜VLIrf - g e ˜ k - k ˜ fLrkLlp-k q slsvkksvLk ˜ - F - d e ˜ V
P. abyssi       1 m I r e g d - kVVLvDpr ˜ - g k ˜ r ˜ y ˜LitVsk- rd ˜ fhT d ˜ l--g iL- k ˜ Lee-
BBBBB BBBBB B B
60 70 80 90 100
H. sapiens      50 v - - g kfpg qilrs sfg k qymLr ˜ r ˜ PaLe ˜ d ˜ YVv l -M ˜ krgt ˜ aitfpkD ˜ In ˜ mI l
M. tuberculosis      46 i - - g leq ˜ g s vvkS s ˜ n g a lFlVlr ˜ Pllvdyvms -Mprg pqvIy ˜ pkD ˜ aaq ˜ Iv
T. thermophilus      40 l --e a g p g g vvr ˜ t h lgE eLs ˜ Vh ˜ rPt Lee YLlh-M ˜ krsatPT ˜ y pkD ˜ AsaMv
T. maritima      47 f e - k g-pg e iIrT s a g k k ˜ Gy ˜IliPs ˜ lid ˜ e ˜ Imn -m ˜ krt-qIvypkD ˜ S s fIa
A. aeolicus      42 i - - g k p e ˜ g vk ˜ i n -----g Fe ˜ Vy ˜ r ˜ Pt ˜ lee ˜ iIllgFerk ˜ t ˜ q ˜ IIy ˜ PkD ˜ S fyIA
P. abyssi      39 I i g r ˜ nfg - e ˜ aIkS h k g h ˜ e ˜ Fk ˜ IlrPrivd ˜ yLd ˜ k ˜ -Mkrgpq iVh ˜ pkD ˜ Aa l Iv
BBB BBBBB AAAAAA AAAAAAAA
110 120 130 140 150
H. sapiens      97 sM Md Inpg d ˜ tVLE ˜ Ag S ˜ g S ˜ GgmS ˜ LFLS ˜ kaVg sqGr ˜ ViS ˜ f e vr ˜ kd ˜ h ˜ h d lAkk
M. tuberculosis      93 he ˜ Gd ˜ IfpgA r ˜ VLE ˜ AGAGSGALT ˜ LsLLraVg paGq ˜ VIS ˜ Y ˜ E ˜ q ˜ r ˜ ad ˜ h ˜ Ae ˜ hAr ˜ r
T. thermophilus      87 tlL d ˜ Lapgm ˜ r VLE ˜ AG ˘ T ˜ GSGGLT ˜ LfLAraVg ekGlVE ˜ S ˜ y E ˜ arphh ˜ la Q ˜ Ae ˜ r ˜
T. maritima      94 mmL dVk ˜ e ˜ gD ˜ r IID ˜ T g ˘ Vg S ˜ GAMC ˜ AvLAr aVg s s ˜ GkVfAY ˜ E ˜ kr ˜ eefAklAes
A. aeolicus      85 lk ˜ L n L n k ekr ˜ VLE ˜ F g ˘ T ˜ g S ˜ GALLAVLS ˜ evA---ge ˜ Vw ˜T ˜ F e ave ˜ e ˜ fyk ˜ TAqk
P. abyssi      87 ayAg Isp g d ˜ fIV E ˜ AG ˘ VGSGALT ˜ LfLAn ˜ iVg peGr VvS ˜ Y ˜ E ˜ ir ˜ ed ˜ fAklAwe ˜
AA BBBBB AAAAAAAAAA BBBBB AAAAAAAAA
160 170 180 190 200
H. sapiens     147 N ˜ y ˜ k ˜ hWr d ˜ s w ˜ klSh ˜ vee W ˜ pd ˜ --N Vd ˜ Fihk d ˜ Is ˜ g a ---t---f d ˜ AVALdml n
M. tuberculosis     143 NVsgcyg ----------qppdn W ˜ r ˜ Lvvsd ˜ LadS ˜ e-lpd ˜ g s Vd ˜ r ˜ AVLd ˜M ˜ la
T. thermophilus     137 N ˜ Vr ˜ afw ˜q----------ve--N ˜ Vr ˜ Fh ˜ l g k Le ˜ e ae-Leea a Y ˜ d ˜ GVALd ˜ Lme
T. maritima     144 NLtkw ˜ g L----------ie--r Vt ik ˜ vr ˜ d ˜ is ˜ e g F-d ˜ e ˜ k-dVd ˜ ALFLdvpd ˜
A. aeolicus     132 NLkk ˜ f n ˜ l----------Gk ˜ --n ˜ Vkf f n v d ˜ Fk ˜ dAe -Vpeg iFh ˜ AAFVdvre ˜
P. abyssi     137 N Ik ˜ wAg f----------dd--rVtIk ˜ lk ˜ d ˜ I y e g Ie ˜ e ˜ e n --Vd ˜ h ˜ VILd ˜ Lpq ˜
AAAA BBBB BBBBBB
210 220 230 240 250
H. sapiens     196 P h ˜ vTLpvFy phLk ˜ h g gVCAVyVvn ˜ itq ˜ Vie ˜ Lld ˜ gir ˜ t c e laLs- ce ˜ kise
M. tuberculosis     182 PweVLd ˜ AVs ˜ r ˜ LLvagGvLMVy ˜Va t ˜ vt ˜ q ˜ lsrIve ˜ aLr ˜ ak ˜ - q c ˜W ˜ t ˜ e ˜ P-r ˜ aw ˜ e
T. thermophilus     174 PwkVLekAa lALk ˜ p d ˜ r ˜ fLV AyLpn ˜ itq ˜ VleLvraAeah--pFr- le ˜ rvle
T. maritima     180 Pwn ˜ y IdkC w eALk ˜ g gGrFATvC ˜ p t ˜ tnq ˜ vqeT ˜ lkkLqel--p Fir i - e ˜ vw ˜ e
A. aeolicus     169 Pwh ˜ y LekVH ˜ kSLm ˜ e ˜ g a pVGFlLp t ˜ anq ˜ vikLles Ien---yFgn l - e ˜ vve
P. abyssi     173 Per ˜ VVehAAkALk ˜ p g gfF V Ay T pc ˜ snq ˜ vmrLh ˜ ek ˜ Lre ˜ f kdyFmkp - rt ˜ i n
   AAAAAAABBBBBBBBBBB AAAAAAAAAAA BBB
260 270 280 290
H. sapiens     245 v i v r dwlv-clvar- p v-hwqpght ˜ A fLVkLr ˜ Kv
M. tuberculosis     230 t l q r gwnv - v g l avrpq-hsmr ˜ ght ˜ A fLVaT ˜ r r lapg ava
T. thermophilus     221 v gw r e wev- r lp ˘ vahpr-fqq vghT ˜ A fLV A Lr ˜ r wkgs
T. maritima     227 s l f r ˜ p y ˜kp-vperlr ˜ p v-d ˜ rmvaht ˜ a yM ˜ IfAtkvcrr ee
A. aeolicus     215 i l h r ˜ hy ˜k ˜ tiserf--r ˜ pe ˜ d ˜ qmvah t ˜ AyLVFGrK ˜ lkt ˜
P. abyssi     222 v l v f d qe ˜ v - k kec ˜ mr ˜ p r -ttalvht ˜ GyIT ˜ FAr r ile
BB B BBBBBB
30 40
50 60 70 80 90
100 110 120 130 140
150 160 170
180 190 200 210 220
230 240 250 260
Figure 2 Structural alignment of the amino acid sequences of TrmI proteins with known three-dimensional structures using JOY [52].
Solvent inaccessible residues in the monomer are shown in upper-case letters. Residues belonging to a-helices, b-strands and 3-10 helices are
shown in red, blue and maroon, respectively. The consensus secondary structure and its numbering in TmTrmI (PDB sequence, residue 79 is
missing) is shown underneath and above the sequences, respectively. In addition, numbering for each protein (PDB sequence) is indicated on
the left of the sequence. Residues with positive phi torsion angle are shown in italic and cis peptide by a breve over the amino acid concerned.
Residues that hydrogen bond to main-chain amide and to main-chain carbonyl are indicated in bold and underlined characters, respectively.
Hydrogen bond to other side chain is indicated by a tilde (~) over the amino acid concerned. Residues involved in salt bridges at the dimeric
and tetrameric interfaces are enclosed in pink and green squares, respectively. The cysteines of PaTrmI, which are involved in inter-monomer
disulfide bridges, are indicated by a star. The secondary structure elements are labeled according to the nomenclature defined by Schluckebier
et al. [54]. For the C-terminal catalytic domain, b-strands and a-helices are associated with numbers and letters, respectively, whereas the reverse
is used for the N-terminal auxiliary domain.
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Page 6 of 14surface areas and the molecular protein volumes of the
monomer, A/B dimer and tetramer for each homo-tetra-
meric protein were calculated (Table 2). All five enzymes
have similar surface areas. The monomer protein volume
and the number and volume of cavities do not decrease
with higher stability of the protein. However, the differ-
ence between the volume of the tetramer and the volume
of four monomeric units (Δ4 = c-4a, Table 2) is negative
for all thermophilic and hyperthermohilic TrmIs, indicat-
ing that the protein density increases upon tetrameriza-
tion. In contrast, this number is positive for the
mesophilic MtTrmI protein. Yet, the amount of volume
contraction is not directly dependent of the optimal
growth temperature of the thermophilic protein. Similarly,
the contraction upon dimer formation (Δ2 = b-2a, Table
2) is negative for both thermophilic and hyperthermophilic
proteins. This reflects a tight packing of the hyperthermo-
philic A/B dimers. The surface to volume ratio is another
way to measure the compactness (Table 2). Interestingly,
this factor decreases as the thermostability of the TrmI
protein increases, except for PaTrmI. This might reflect
the particularity of this enzyme to possess intermolecular
disulfide bridges (see below). Again with the exception of
the P. abyssi enzyme, increased buried surface areas within
the A/B dimer and within the tetramer (Table 3) correlate
with increased thermostability of the TrmI proteins.
Indeed, the mesophilic protein has a smaller buried sur-
face area compared to the thermophilic and hyperthermo-
philic ones. These features related to the oligomerization
of the proteins suggested some critical differences at the
interfaces of the TrmI monomers and led us to analyze in
detail the network of interactions at these interfaces.
Inter-monomer H-bonds, salt bridges and hydrophobic
contacts contributing to the TrmI tetramer architecture
The architecture of the TrmI tetramer (Figure 1(B) and 4
(C4) and Table 3) shows that the formation of the A/B
dimer involves a large buried surface area, which corre-
lates with a high number of residues present at the inter-
face between monomers. The A/C dimer presents a
buried surface area that is reduced by a factor around 4
compared to the A/B one and that involves much less resi-
dues at the interface. Therefore, TrmI proteins can be
described as a dimer of tightly-assembled dimers (A/B and
C/D). The A/C dimer, in all available TrmI structures,
Figure 3 Crystallographic contacts in the various PaTrmI structures. A Different crystal packing of PaTrmI in the different crystal forms (left
P212121, middle P31, right I222). B The regions involved in the crystallographic contacts are shown in red, SAH/SAM in sticks.
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Page 7 of 14Table 2 TrmI molecular volumes and cavity volumes
Organism Cavity volumes
a Compactness Protein Volume (A
3)
Total cavity volumes (A
3) number of cavities Surface area (Å
2) Surface/Volume ratio (Å
-1) Monomer a Dimer b A/B Tetramer c Δ 2=b-2 a Δ 4=c-4 a
M. tuberculosis 1 501 2 41130 0.39 26 460 52 970 105 900 + 50 + 60
T. thermophilus 1 182 2 39120 0.38 25 870 51 700 103 100 -40 - 380
T. maritima 2 154 3 41210 0.37 27 930 55 860 111 700 0 - 20
A. aeolicus 1 697 3 38680 0.36 27 000 53 955 107 900 - 45 - 100
P. abyssi
3MB5 2 036 3 41880 0.38 27 420 54 820 109 600 -20 - 80
3LGA 27 330 54 635 109 200 -30 - 130
3LHD 26 440 52 840 105 700 -45 - 70
a calculated for TrmI monomers without ligands
G
u
e
l
o
r
g
e
t
e
t
a
l
.
B
M
C
S
t
r
u
c
t
u
r
a
l
B
i
o
l
o
g
y
2
0
1
1
,
1
1
:
4
8
h
t
t
p
:
/
/
w
w
w
.
b
i
o
m
e
d
c
e
n
t
r
a
l
.
c
o
m
/
1
4
7
2
-
6
8
0
7
/
1
1
/
4
8
P
a
g
e
8
o
f
1
4Table 3 Dimeric and tetrameric contacts in TrmI proteins.
A/B dimer A/C dimer Tetrameric assembly
structures N° of
interfacing
residues in
both partners
Interface
area (Å
2)
Buried
surface
area
(Å
2)
NHB
1 NSB
2 NvdW
3 hydrophobic
P-value
4
N° of
interfacing
residues in
both partners
Interface
area (Å
2)
Buried
surface
area
(Å
2)
NHB
1 NSB
2 NvdW
3 hydrophobic
P-value
4
Buried
surface
area
(Å
2)
ΔGint
5
kcal/
mol
ΔGdiss
6
kcal/
mol
M.
tuberculosis
76+75 2378.4 4760 28 6 (0) 30 0.299 23+23 788.7 1580 10 4 (2) 10 0.22 13160 -69.5 24.7
T.
thermophilus
95+62 2478.1 4960 21 18
(5)
30 0.776 22+22 731.3 1460 12 4 (2) 13 0.423 13390 -25.9 20.8
T. maritima 87+87 3150.2 6160 24 36
(4)
103 0.356 24+24 879.5 1810 10 4 (2) 22 0.668 16750 -47.9 3.0
A. aeolicus 65+65 2596.3 5200 34 14
(0)
44 0.059 22+24 856.5 1710 12 4 (2) 4 0.416 14410 -54.7 15.1
P. abyssi 65+65 2311.5 4620 17 14
(6)
30 0.006 24+24 775.6 1550 12 0 10 0.069 12840 -86.6 41.0
1Number of H-bonds less than 3.2 Å across the interface (per monomer).
2Number of salt bridges less than 3.6 Å across the interface (per monomer). The number of bidentate ionic interactions is indicated in parentheses.
3Number of van der Waals interactions less than 4.2 Å (per monomer)
4defined as the probability to find a same-area patch on protein surface that would be more hydrophobic than the interface
5solvation free energy gain upon formation of the assembly
6free energy difference between dissociated and associated states
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Figure 4 Stereo views highlighting the regions interacting across the dimeric and tetrameric interface. The dimeric interfaces are
between dimers AB and CD, and the tetrameric interfacebetween dimers AC et BD. Residues involved in ionic interactions at the A/B dimer
interface are shown in red or blue spheres (for acidic or basic residues, respectively). Glu226 and Arg230, which form a salt bridge involved in
the tetrameric assembly are shown in pink and cyan spheres, respectively. Inter-monomer disulfide bridges between cysteines 196 and 233 in
PaTrmI are shown in yellow. A MtTrmI, B TtTrmI, C TmTrmI, D AaTrmI, E PaTrmI.
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Page 10 of 14presents very similar numbers of contacts with about ten
hydrogen bonds between the A and C monomers (Table 3).
Most residues involved at this interface belong to the C-
terminal b-strands (b6, bGa n db7, Figures 1(C) and 2).
Two charged residues (Glu226 and Arg230, TmTrmI num-
bering) are involved in two conserved bidentate ionic inter-
actions to form contacts specific of the tetramer at the A/B
and C/D dimer interfaces in all TrmIs except PaTrmI
(Figures 2 &4). It was shown that suppressing this con-
served ionic interaction by replacing both equivalent inter-
acting residues in the TrmI-6 and TrmI-61 subunits of the
S. cerevisiae enzyme by alanine did not prevent formation
of the tetramer [23]. These mutations by themselves were
not sufficient to destabilize the tetramer because other
important interactions remained intact. In PaTrmI, these
ionic interactions are replaced essentially by four inter-
monomer disulfide bridges (Figure 4(E)). Concerning the
A/B interface of TrmIs, the comparison of the number of
H-bonds does not indicate a trend that correlates with
higher thermostability. Other interactions inside the tight
A/B dimer are rather extensive and mainly ionic, particu-
larly for TmTrmI (Figure 4). For the A/B dimer, the number
of ionic interactions at the interface between monomers A
and B is clearly increased for TrmI proteins from thermo-
philic organisms (Table 3).
The dimeric (A/B and C/D) and tetrameric (A/D and B/
C) interactions also involve, in all TrmIs, van der Waals
and hydrophobic interactions (Table 4; Additional File 1,
Figure S1B). Although thermophilic TrmIs do not contain
more alanine and aromatic residues than TrmIs from
mesophiles (Additional File 1, Table S3), a higher number
of residues participates in van der Waals interactions.
Interestingly, PaTrmI exhibits unusually low hydrophobic
Pv values [44] for both the dimeric and tetrameric inter-
face, which indicates specific hydrophobic spots. In parti-
cular, Phe225 makes hydrophobic contacts with Leu223
and Val242. This interaction substitutes, together with the
inter-monomer disulfide bridges (see below), to the con-
served ionic salt bridges involved in tetramer stabilization
in all other TrmI proteins. Indeed, Phe225 occupies the
position equivalent to Arg230 that conservatively estab-
lishes a bidentate ionic interaction with Glu226 (Figure 2
and Additional File 1, Figure S1B). AaTrmI also exhibits a
low hydrophobic P-value for the A/B interface. Therefore,
increased hydrophobic interactions at the dimeric interface
in the hyperthermophilic TrmIs could account for the fact
that the number of ionic interactions is not increased
compared to the mesophilic and thermophilic proteins.
In summary, whereas thermophilic TrmIs use a higher
number of ionic interactions to stabilize the A/B interface,
hyperthermophilic TrmIs display increased hydrophobic
interactions. This is in agreement with other studies that
conclude that ionic interactions stabilizing crucial areas of
structure, together with increased hydrophobic packing,
are the most common means for stabilizing proteins at
high temperatures, particularly oligomeric proteins. For
example, comparison of tetrameric malate dehydrogenases
from thermophilic and mesophilic bacteria indicated that
higher thermostability comes first from the presence of
polar residues that form additional hydrogen bonds within
each subunit and then with the use of charged residues to
form additional ionic interactions along the dimer-dimer
interface, as well as additional aromatic contacts at the
monomer-monomer interface in each dimer [38]. More-
over, comparative structural analysis of various citrate
synthases also showed that higher growth temperatures
correlate with reinforced electrostatic interactions in the
subunit interface, as well as a reduced exposure of hydro-
phobic surface [39]. Interestingly, TmTrmI, which has an
optimum growth temperature of 80°C (the limit tempera-
ture to distinguish a thermophilic and a hyperthermophilic
organism), has the highest number both of salt bridges
and van der Waals contacts at the A/B dimer interface
(Table 3). Therefore, TmTrmI displays the highest buried
surface areas for the A/B and A/C dimers and seems to
employ both strategies used by thermophilic and hyperther-
mophilic TrmI proteins to achieve thermostability.
Archaeal PaTrmI displays very different tetrameric contacts
compared to the bacterial enzymes: Intersubunit disulfide
bridges stabilize the tetramer
In addition to enhanced hydrophobic interactions at the
interfaces, the archaeal PaTrmI further increases its ther-
mostability through the use of intersubunit disulfide
bridges [21,27]. In PaTrmI, the subunits are more tightly
bound than in TrmIs from thermophilic bacteria, as
shown by the value of 41 kcal/mole for the free energy dif-
ference between the dissociated and associated states
(Table 3), despite the fact that the buried surface areas of
the dimers and tetramer are less extensive than anticipated
for a hyperthermophilic organism. This increased stability
of the PaTrmI tetramer compared to that of the other
TrmI proteins results from the presence of four intermole-
cular disulfide bonds between Cys196 and Cys233 from
different subunits (Figure 4E). Disulfide bonds are extre-
mely rare in intracellular proteins from mesophilic organ-
isms, due to the reductive nature of the cytoplasm [45]. In
contrast, their presence in several intracellular thermophi-
lic proteins has been shown to increase the stability of the
proteins from these organisms at extreme temperatures
[46-49]. The presence of inter-subunit disulfide bonds in
PaTrmI is consistent with the presence, in this organism,
of a specific disulfide oxidoreductase protein, which is
usually involved in the formation of intramolecular disul-
fide bonds within intracellular proteins from thermophilic
organisms [50]. To determine whether the inter-subunit
disulfide bridges are important for the stability and func-
tion of PaTrmI, the single and double mutant proteins, in
which Cys196 or/and Cys233 were replaced by serine,
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Page 11 of 14were produced and purified [21]. Whereas both single
mutants migrated as a mixture of monomers and dimers
on SDS-PAGE under non-reducing conditions, the double
mutant migrated as a monomer. Gel filtration chromato-
graphy indicated that the single mutants formed high
molecular weight aggregates and that the double mutant
behaved predominantly as a dimer. Differential scanning
calorimetry experiments indicated that the melting tem-
perature of the double mutant is lowered by 16.5°C com-
pared to that of the wild-type enzyme [27]. Finally, the
double mutant was completely inactivated after preincuba-
tion at 85°C for 30 min. Altogether, these experiments
indicated that the intersubunit disulfide bridges are essen-
tial for the thermostability of the tetramer of PaTrmI.
Conclusions
In the present study, we aimed at performing a detailed
structural analysis to investigate the structural mechan-
isms underlying stability in TrmIs from organisms span-
ning a large variety of optimal growth conditions. Our
analysis of the different TrmI monomers, in terms of
amino-acid composition, three-dimensional structure,
hydrogen-bonding and ionic interactions, did not uncover
clear hallmarks to explain the stability of the extremo-
zymes. On the contrary, we identified structural differ-
ences between TrmIs from mesophiles, moderate or
extreme thermophiles, in the compactness of their dimeric
and tetrameric units and in the nature of the interactions
between their monomers. Thermophilic TrmIs display
tight packing at these interfaces, resulting in a slight
increase of compactness upon multimerization. To investi-
gate further this feature, we analyzed the contacts between
monomers. First, the number of ionic interactions between
monomers increases in the thermophilic TrmIs and seems
to be one of the main factors providing thermostability.
Secondly, the two hyperthermophilic TrmI proteins dis-
play dimeric interfaces with increased hydrophobic inter-
actions. In addition, PaTrmI from P. abyssi,w h i c hg r o w s
not only under extreme conditions of temperature but
also under high pressure, possesses inter-subunit disulfide
bridges that were shown to be essential for its thermo-
stability [21,27]. Therefore, our analysis revealed that dif-
ferent molecular strategies have emerged to ensure strong
interactions at the interfaces between monomers in order
to preserve the tetrameric architecture of TrmI under
extreme life conditions. The key challenge for TrmI extre-
mozymes is thus to preserve the tetrameric architecture
crucial for their catalytic activity.
Methods
Multiple sequence alignment
The multiple structure-based sequence alignment was
done with SSM (Secondary-structure Matching, http://
www.ebi.ac.uk/msd-srv/ssm/) [51] and visualized with
the program JOY (http://tardis.nibio.go.jp/cgi-bin/joy/
joy.cgi) [52]. SSM was also used to determine the root
mean square deviations between the superposed
structures.
Volume and surface calculations
The program VOIDOO was used to calculate molecular
protein volumes and cavities [53]. The molecular
volumes of the proteins per se were calculated using a
grid spacing of 1 Å and a 0 Å radius probe and the cavity
volumes with a 1.4 Å radius probe. The SAM/SAH cofac-
tors and water molecules were omitted from the calcula-
tions. Accessible surface areas were calculated using the
program ASA (P. Alzari, personal communication).
Structural analysis
The salt bridges and H-bonds within one monomer (less
than 3.5 Å) were analyzed with HBOND (http://cib.cf.
ocha.ac.jp/bitool/HBOND/). The H-bonds, ionic interac-
tions and van der Waals contacts between monomers
were analyzed by examining the structures graphically.
The interface areas and stabilities of the tetramers were
calculated with the program PISA, omitting the ligands
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html)
[44]. Our analysis was done using the PDB coordinates.
However, several side chain atoms are not observed in
the electron density and are therefore missing in some
PDB files. Those missing residues could influence the
contraction upon dimerization and tetramerization if
they were located at the interface between the different
s u b u n i t s .T h i si sn o tt h ec a s ee x c e p tf o ro n es i d ec h a i n
(Leu228 in T. maritima 1O54). All other missing side
chains belong to Lys, Arg, Glu and Gln residues at the
surface of the protein, pointing towards the solvent.
The abbreviations used are: MTase: methyltransferase;
rmsd: root mean square deviation; SAM: S-adenosyl-L-
methionine; SAH: S-adenosyl-L-homocysteine; PaTrmI:
Pyroccocus abyssi tRNA m
1A58 methyltransferase; TtTrmI:
Thermus thermophilus tRNA m
1A58 methyltransferase;
MtTrmI: Mycobacterium tuberculosis tRNA m
1A58
methyltransferase; AaTrmI: Aquifex aeolicus tRNA m
1A58
methyltransferase; TmTrmI: Thermotoga maritima tRNA
m
1A58 methyltransferase; HsTrmI-61: Trm61 subunit of
Homo sapiens tRNA m
1A58 methyltransferase.
Additional material
Additional file 1: Table S1: Sequence identity of the different TrmI
proteins.
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